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The sensitivity of future gravitational wave interferometers is expected to be limited throughout
the detection band by quantum vacuum fluctuations, which can be reduced by applying quantum
optics techniques such as squeezed vacuum injection. However, decoherence caused by optical losses
in the readout chain will severely limit the effectiveness of such schemes. It was proposed that effect
of losses in the final stage of detection can be mitigated by a phase-sensitive amplifier placed in
between the output port of the interferometer and the photodetector. In this paper, we propose to
implement such amplification using an optomechanical device, study some of its practical limitations,
and discuss its applicability to next-generation gravitational-wave detectors.
I. INTRODUCTION
The first direct detection of gravitational wave (GW)
signals from outer space was achieved by the LIGO col-
laboration in 2015 [1], marking the beginning of grav-
itational wave astronomy. Since then, multiple other
detections have been announced [2–7]. These signals
were produced by some of the most violent events in
the universe—the coalescence of compact objects such
as black holes and neutron stars. They provide decisive
tests of general relativity in the strong-gravity regime,
may give clues about the rich nuclear physics within the
ultra-dense cores of neutron stars, and most importantly
have the potential to teach us many unexpected lessons
about the universe. Some of the most interesting physics
of these phenomena appear during and after these merger
events, but the details of the signal wave forms detected
so far have been masked by the photon shot noise in the
interferometers’ readout.
Despite the limitations imposed by the quantum na-
ture of light, shot noise is not a fundamental limit of
nature, and therefore can be mitigated by clever optical
techniques. In the 1980’s, Carlton Caves showed that
the sensitivity of shot noise-limited interferometers can
be improved by injecting ‘squeezed vacuum’ [8]. This
paved the way for ‘quantum non-demolition’ technologies
for GW detection, such as those explored in [9]. Since
then, squeezed vacuum injection has been implemented
successfully both at GEO600 [10, 11] and at LIGO [12].
However, the extent to which sensitivity can be improved
by this technique is limited by losses incurred within
the interferometer optics, leading to decoherence of the
squeezed field.
One way of overcoming losses in the final stage of pho-
todetection, as proposed by Caves [8], is to pre-amplify
the quadrature field containing the GW signal, using a
∗ E-mail me at: gautam@caltech.edu
quantum-limited phase-sensitive amplifier, before read-
ing it out with a photodetector. This idea was more re-
cently discussed by Knyazev et al. [13, 14]. In this work,
we propose an optical layout that serves as an ultra-low
noise, high gain, and phase-sensitive optomechanical am-
plifier for the GW signal, as shown in Figure 1. We de-
scribe how this amplifier can mitigate the effect of optical
losses in the readout chain and therefore let us listen to
the universe in higher fidelity. Significant progress has
been made toward demonstrating optomechanical para-
metric amplification in the gravitational-wave band, in
order to generate squeezed vacuum [15, 16]. The ampli-
fier we propose and analyze here will be another applica-
tion of such devices.
This paper is organized as follows: we begin in Sec-
tion II with a qualitative discussion of the role of quan-
tum noise mitigation and the need for an amplifier in
the context of LIGO Voyager [17, 18], a next genera-
tion upgrade to LIGO. Then, in Section III, we explain
the physics of optomechanical amplification, and pro-
vide some simple formulae whose detailed derivations are
postponed to Appendix A. We then propose, in the same
section, an optical layout for the amplifier. In Section IV,
we discuss noise sources within the amplifier, which nec-
essarily limit the amplifier’s performance. The effective-
ness of the amplifier is further limited by noise sources
within the main interferometer (IFO), the most serious of
which are discussed in Section V. Finally, in Appendix C
we discuss some parameter choices for the proposed de-
sign, and in Appendix D we discuss prospects for a more
ambitious quantum amplifier.
II. SQUEEZED VACUUM INJECTION IN LIGO
VOYAGER
Voyager is a planned cryogenic upgrade to the terres-
trial gravitational wave detectors [17]. The primary sen-
sitivity improvement is realized by operating with sili-
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FIG. 1: Optical layout for the Mach-Zehnder ampli-
fier (shaded in light purple) installed between the anti-
symmetric port of the IFO (shaded in light red) and the
readout chain, with arrows indicating the direction of the
amplifier pump. The various subsystems are not drawn
to scale. IFC: input filter cavity; OFC: output filter cav-
ity; BS1, BS2: 50/50 beam splitter; M1R, M1L: highly
reflecting mirror; M2R, M2L, M3R, M3L: perfectly re-
flecting mirror
con test masses and amorphous silicon optical coatings
at 123 K. At this temperature, the coefficient of linear
thermal expansion of silicon, α, vanishes, which drives
down phase noise imparted by thermally-driven fluctu-
ations in the interferometer. Design studies and early
R&D suggest that the sensitivity of Voyager will be lim-
ited throughout the detection band of 10 – 4000 Hz by
quantum noise, provided that the Brownian noise of the
optical coating is sufficiently mitigated (see Section V
for more details). To reduce the quantum noise, squeezed
vacuum is injected via the anti-symmetric/dark port (see
Figure 1) [8]. The rotation angle of the noise ellipse of
the squeezed vacuum required for broadband sensitivity
improvement is frequency-dependent. This frequency-
dependence is realized by installing a filter cavity along
the injection path [9]. We refer to this as the ‘input filter
cavity’ (IFC), which is illustrated in Figure 1.
In principle, injecting more strongly squeezed vacuum
improves the sensitivity monotonically. In practice, how-
ever, the improvement is limited by optical losses in var-
ious parts of the interferometer. At each point where
loss occurs, the coherence of the squeezed vacuum is de-
graded. The relative importance of loss at various ports
in the core interferometer is shown in Figure 5. It is an-
ticipated that optical losses in the Voyager arm cavities
will be reduced to the tens of ppm level per round-trip,
due to ultra high quality optical surfaces and coatings.
However, the readout chain, consisting of an Output
Faraday Isolator (OFI), Output Mode Cleaner (OMC),
and balanced homodyne detection with photodetectors
that have imperfect quantum efficiency, is expected to
introduce significant loss, possibly at the level of 10%.
Mitigating the readout loss directly would require sub-
stantial effort to improve multiple pieces of technology.
However, requirements on these losses can be relaxed by
pre-amplifying the GW signal, provided that the ampli-
fier (a) has ultra-low noise, (b) has high gain in the fre-
quency band of the GW signal, and (c) is phase-sensitive
and therefore immune to the quantum mechanical limits
of phase-insensitive amplifiers described in [19]. In the
remainder of this paper, we show how an optomechan-
ical amplifier installed between the GW interferometer
and the readout chain achieves all three properties, and
discuss the resulting impact on detector sensitivity.
III. OPTOMECHANICS FOR
PHASE-SENSITIVE AMPLIFICATION
In this section, we begin by reviewing the physics of
optomechanical amplification in Section III A. Then we
propose an optical layout and design parameters for the
amplifier in Section III B, and explain how it should be
incorporated in the main interferometer.
We analyze optomechanical interactions using the
two-photon formalism developed by Caves and Schu-
maker [20, 21], and reviewed in Sec. II. A. of [9]. In
particular, we use the notation and Fourier transform
convention followed in the latter. We let ω0/2pi denote
the carrier frequency of the laser beam in the main inter-
ferometer, and Ω/2pi . 4 kHz denote the signal sideband
frequency.
A. Optomechanical amplification
Optomechanical amplification [22] is a process by
which a signal beam is amplified (i.e. anti-squeezed) via
the radiation pressure coupling between the optical field
3and the mechanical modes of a suspended mirror. To en-
hance the coupling, the signal beam can be applied to the
mirror together with a co-propagating pump beam. We
decompose the signal into two quadratures in the usual
way, referring to the quadrature in phase with the IFO
pump amplitude as the ‘amplitude quadrature’, and the
orthogonal quadrature as the ‘phase quadrature’. Sig-
nal and pump fields interfere to produce amplitude and
phase fluctuations in the light incident on the mirror.
Incident amplitude fluctuations exert radiation pressure,
which displaces the mirror, thus modulating the phase of
the reflected light (eq. 6, 7). In the limit of a strong pump
and low mirror mass, the induced phase fluctuations on
reflection may be much larger than the amplitude fluc-
tuations of the incident signal. Since this process only
amplifies one quadrature, it is phase-sensitive and we re-
iterate that it is not subject to the quantum mechanical
noise limits of phase-insensitive amplifiers [19].
Before discussing Voyager, let us provide a simple ex-
planation why phase sensitive amplification, proposed by
Caves, can improve robustness against losses in the de-
tection chain. Suppose the b1 quadrature carries signal
h and squeezed noise, e−ra1,
b1 = h+ e
−ra1. (1)
This corresponds to a signal-referred noise spectrum of
Sh = e
−2r (see [9] for details of the two-photon formal-
ism). If we were to detect this quadrature with losses, ,
in the readout chain, we will be detecting
bD1 =
√
1−  [h+ e−ra1]+√n1 , (2)
which leads to
Slossh = e
−2r +  . (3)
In eq. (2), n1 and a1 denote unsqueezed vacuum. This
simplified scenario highlights how losses in the detection
chain, , limit the sensitivity enhancement we are able
to achieve by injecting squeezed vacuum. Now, suppose
we feed b1 into a phase-sensitive amplifier, which allows
noise-free linear amplification by G, before feeding the
amplified quadrature field into the same detection chain.
Then, we will have
bD, amp1 =
√
1− G [h+ e−ra1]+√n1 , (4)
with a signal-referred noise spectrum of
Sloss, amph = e
−2r +

G2
. (5)
In this way, the noise power due to losses in the de-
tection process is suppressed by G2. Note that in this
process, the orthogonal quadrature b2, which carries no
signal, is suppressed by G.
B. The Mach-Zehnder Amplifier
For the optical layout of the amplifier, we propose
a Mach-Zehnder (MZ) configuration to be installed be-
tween the anti-symmetric port of the main LIGO inter-
ferometer and the readout chain, as shown in Figure 1.
The topology consists of two input ports, with the output
signal from the LIGO interferometer (labeled as bIFO, i)
injected into one, and a pump (labeled as Psource) with
the same carrier frequency injected into the other. The
pump and signal are combined at a 50/50 beamsplitter
(BS1) and split into two beams, with each beam directed
to a separate triangular ring cavity. In each ring, the
beating between the pump and signal produces the op-
tomechanical amplification discussed in Section III A. To
enhance the gain, the mirrors of the ring are designed to
weigh as little as possible, and the cavity length is locked
to have the pump field be resonant, in order to achieve
high circulating power. Finally, the output beams of the
ring cavities are recombined at a second 50/50 beam-
splitter (BS2), with the amplified signal (labeled as bi)
measured at one port and the strong pump field dumped
at the other.
We now present the input-output relations for the MZ
amplifier, where bIFO, i denote the field amplitudes for the
input quadratures to the amplifier, and bi the field ampli-
tudes for the output quadratures, as shown in Figure 1.
The normalization of the field amplitudes is defined in
(6) of [9].
We let RA, TA denote the power reflectivity and trans-
missivity respectively of the M1L & M1R mirrors, and LA
denote the round-trip length of each ring. A more exact
calculation in the lossless limit is given in Appendix A,
where additional assumptions are explained. Here we
simply present the result in the limit ΩLA/c  1 and
TA  1, giving(
b1
b2
)
= e2iη
(
1 0
−KA 1
)(
bIFO, 1
bIFO, 2
)
+
√
32ω0Pcirc
~c2
1
TA
(
0
1
)
ξ,
(6)
where
KA = 4
TA
[
1 + (Ω/γA)
2
]κA,
κA = −18ω0Pcirc
c2
χA,
η = arctan (Ω/γA) , γA =
cTA
2LA
, (7)
with γA as the cavity pole frequency, Pcirc as the power
circulating in each ring, χA as the mechanical susceptibil-
ity of the movable mirrors which for a mirror of mass mA
suspended as a lossless pendulum of natural frequency
Ω0/2pi is given by
χA =
1
mA (−Ω2 + Ω20)
, (8)
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FIG. 2: Optomechanical gain of the amplifier as a
function of signal frequency, as seen in the frequency-
dependent readout quadrature. For comparison, we have
plotted the gain for both the simple case of a lossless
amplifier with frequency independent readout quadrature
(Equation (9)), and a lossy amplifier with frequency de-
pendent readout quadrature.
and c as the speed of light. We have also included ξ,
the motion of mirrors in the ring cavity, that are not
due to quantum radiation-pressure noise (e.g. seismic or
thermal noise).
Moreover, for the beam propagating through the am-
plifier in the reverse direction (i.e., from ai to aIFO,i),
there is no amplification because the beam and pump
counter-propagate. Hence, the input-output relation is a
trivial phase shift (A8). We defer a more complete discus-
sion of the counter-propagating mode for Section IV C.
The MZ topology overcomes several challenges asso-
ciated with optomechanical amplification, such as pump
noise rejection (see Section IV B). One further advantage
of the MZ configuration is that the pump and signal exit
at separate ports. The signal can then be read out (e.g.
using homodyne detection) without the strong amplifier
pump field saturating the detection photodiodes.
We quantify the amplifier gain by considering the limit
of a low-mass mirror and a strong pump, in which case
the gain is simply the magnitude of the transfer func-
tion KA in (6). Furthermore, we take the limit where
the signal frequency is high compared to natural fre-
quencies associated with the suspended mirror (typically
. 10 Hz) so that the mechanical susceptibility is of order
|χA| ' (mAΩ2)−1, and we assume a wide cavity band-
width Ω/γA  1 so that
|KA| '
(
0.01
TA
)(
30 g
mA
)(
Pcirc
40 kW
)(
1.5 kHz
f
)2
, (9)
where f = Ω/2pi is the signal frequency, and we assume
carrier wavelength λ0 = 2pic/ω0 = 2µm. We find that
the gain scales as ∝ 1/f2 with unity gain at f ' 1.5 kHz
for the characteristic TA, mA, and Psource given in (9).
As expected, we achieve high gain at low frequencies f .
500 Hz due to the high mechanical susceptibility of a low-
mass mirror.
The power Pcirc circulating in each ring is related to
the source power Psource by
Pcirc =
2
TA
Psource = 40 kW
(
0.01
TA
)(
Psource
200 W
)
, (10)
which is derived in Appendix A at (A9). Such a high
source power can be achieved using a laser source of mod-
est power by employing a power-recycling scheme (not
shown in Figure 1).
C. Synthesizing signal generation, amplification
and detection
As input to the amplifier, we assume that the GW
signal is contained in only one quadrature, bIFO, 1, which
is the case for the Resonant Sideband Extraction (RSE)
configuration in which Voyager is planned to be operated
in. More specifically, we can re-write Equation (2.20) of
[23] to get (in absence of optical losses)(
bIFO, 1
bIFO, 2
)
= e2iΦIFO
(
1 −KIFO
0 1
)(
aIFO, 1
aIFO, 2
)
+
√
2KIFOeiΦIFO
(
1
0
)
h
hSQL
(11)
Losses in the interferometer were treated in detail in [23],
and will be further discussed in Section V. Here, up to
leading order in power loss LIFO, we introduce additional
fluctuations into the out-going field quadratures, in the
same way as Eq. (101) in Ref. [9], yielding
bIFO, j → bIFO, j +
√
LIFOnIFO, j , (12)
where nIFO,j are vacuum fluctuations.
We further assume that frequency-dependent input
squeezing of the aIFO, i quadratures is applied, with the
help of an Input Filter Cavity (IFC), such that quantum
fluctuations in the signal quadrature bIFO, 1 is suppressed
at all frequencies. Note that we do not alter the frequency
dependence of the input squeezed vacuum relative to the
baseline Voyager design. Our amplifier is then designed
to amplify bIFO, 1. More specifically, one can write(
aIFO, 1
aIFO, 2
)
=eiφIFCR(θIFC)
(
e−2rain, 1 +
√Linjnin,1
e+2rain, 2 +
√Linjnin,2
)
+
√
LIFC
(
nIFC, 1
nIFC, 2
)
(13)
Here R is a rotation matrix
R(θ) =
(
cos θ − sin θ
sin θ cos θ
)
, (14)
e−2r is the squeezing factor, Linj the injection loss of
squeezing, and the rotation angle θIFC = arctan(KIFO)
makes sure that the combined effect of R and the pon-
deromotive squeezing matrix in Eq. (11) is to squeeze
5the bIFO, 1 quadrature. The loss LIFC is the loss of the
IFC, introducing vacuum fluctuations, nIFC, j . The opti-
cal parameters for the IFC that achieve the desired 15 dB
of squeezing for Voyager are given in Table I
One important difference between the MZ amplifier
and the original Caves proposal is that the quadra-
ture it amplifies is frequency dependent; in other words,
the anti-squeezing angle in the b1, 2 quadrature basis is
frequency-dependent. In fact, the angle varies by as much
as 90◦ over the signal bandwidth. At lower frequencies,
KA  1, and the bIFO, 1 quadrature is highly amplified,
making the dominant contribution to b2 (the bIFO, 2 con-
tribution is comparatively negligible). In this regime, the
Caves proposal can be realized by detecting b2.
However, by naively measuring the output quadrature
b2 at all frequencies, the signal is actually attenuated
at high frequencies where |KA|  1, which is undesir-
able. Fortunately, this can be corrected by employing a
frequency-dependent readout,
bout = bζ = b1 cos ζ + b2 sin ζ (15)
which measures the amplified b2 quadrature (ζ = pi/2)
at low frequencies and smoothly transitions to the unam-
plified b1 quadrature (ζ = 0) at high frequencies. This
can be achieved by installing, between the amplifier and
the readout chain, a filter cavity which we call the out-
put filter cavity (OFC) (see Figure 1). The frequency-
dependent reflection coefficient of the filter cavity, as well
as its effect in rotating quadratures, is given in Equa-
tion (B1); a more detailed treatment is given in Sec. IV
C of Ref. [9]. We expect that a ' 40 m scale OFC is
needed, with more detailed design parameters given in
Table I. Losses in the OFC also introduces additional
vacuum fluctuations, which can be combined with the
effect of the loss of readout photodetectors, leading to
bout → bout +
√
LOFC + Ldetndet, ζ (16)
Assuming that the noise that enters through this channel,
ndet, ζ , is unsqueezed vacuum, we plot the OFC-filtered
amplifier gain in Figure 2, showing no attenuation at high
frequencies.
To summarize: putting together Eq. (11)–(16), and
inserting the amplifier input-output relation (6), we can
obtain the noise spectrum of the entire configuration, in-
cluding losses from squeezing injection (Linj), the IFC
(LIFC), the interferometer (LIFO, see Ref. [23] and Sec-
tion V for further details), the OFC (LOFC), and the
photodetectors (LPD). We will devote the next section,
Section IV, to noise in the amplifiers; there we will fur-
ther introduce additional noise terms into Eq. (6).
Following the above steps, and incorporating discus-
sions from the next two sections, we propose in Table I
a set of design parameters for the amplifier, which were
obtained by optimizing the total (amplifier & IFO) noise
using a cost function emphasizing the mid-band region
50 Hz . f . 500 Hz, where the amplifier is most effec-
tive. The impact on the overall detector sensitivity is
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FIG. 3: Comparison of Voyager sensitivity with (solid
curve) and without (dashed curve) the amplifier. In both
cases we assume 15 dB frequency-dependent squeezed
vacuum injection. The design parameters are given in Ta-
ble I. Sub-budgets for noise contributions from the am-
plifier and IFO may be found in Figure 4 and Figure 5
respectively.
plotted in Figure 3, showing modest improvement in this
range. Given uncertainties in the parameters, our ampli-
fication strategy will be appropriate for application only
if the interferometer’s internal losses, test-mass coating
thermal noise, achievable injected squeezed vacuum, and
all other pre-amplification noises in Voyager turn out to
be the same as or better than what we have chosen here,
and if the readout photodetector inefficiency (and other
losses from elements downstream of the amplifier, such
as an Output Mode Cleaner) turn out to be the same as
or worse than what we have chosen here.
Finally, we point out that our calculations remain valid
only in the limit where the amplified signal is much
weaker than the pump, as expected since the pump is
the source of the amplifier’s energy. Since even for the
strongest sources the signal power is expected to be much
weaker than the amplifier pump, we are well within the
range of validity.
IV. AMPLIFIER NOISE SOURCES
In order for the amplifier to be effective, it must not
introduce significant noise sources of its own. In this
section, we discuss some of the dominant amplifier noise
sources, such as optical losses in the ring cavities, pump
intensity fluctuations, backscattering of pump off ampli-
fier optics, and finally the coating Brownian noise and
suspension thermal noise of the amplifier optics. The as-
sociated noise curves are given in Figure 4, assuming the
parameters given in Table I for 15 dB squeezed vacuum
injection. We find, under these assumptions, that the
amplifier noise is dominated by optical loss in the ring
cavities.
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FIG. 4: Breakdown of the dominant noise sources in the
amplifier, including the OFC, based on parameters given
in Table I for 15 dB frequency-dependent squeezed vac-
uum injection. The noise spectra as shown are projected
into the GW strain sensitivity of the main interferome-
ter. See Section IV for a detailed discussion of the various
noise curves. The noise is dominated by optical loss in
the ring cavities.
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FIG. 5: Breakdown of the dominant noise sources in the
IFO, assuming the parameters given in Table I for 15
dB frequency-dependent squeezed vacuum injection. The
noise levels are signal-referred assuming the amplifier is
installed. See Section V for a detailed discussion of the
various noise sources.
A. Optical losses in the ring cavities
As the signal beam circulates within the the ring cavi-
ties, dissipative and transmissive losses are accumulated
at each optic. The small amount of unsqueezed vacuum
that enters the signal mode in this process is amplified
optomechanically, thus causing the squeezed vacuum to
decohere. It is therefore crucial to keep the total loss as
low as possible.
Transmissive loss through each high-reflective (HR)
mirror, labelled M2R, M2L, M3R & M3L in Figure 1, is
limited to 5 ppm by a suitable dielectric bi-layer coating.
Dissipative losses arise due to a number of mechanisms,
but may broadly be grouped into absorption or scatter.
We assume absorption in the amplifier mirror substrate
and dielectric coatings will be . 1 ppm per optic.
Modeling and characterizing loss due to scattering is
an area of active research. An empirical scaling law has
been found to describe the measured round-trip scatter
loss in a variety of two-mirror optical cavities [24, 25],
given by
L
ppm
=
(
4pi
λ/nm
)2
A
nm2 ·mm
1
γ−1
(
mm√
2αw
)1−γ
,(17)
where w denotes the Gaussian beam radius, while A =
8 × 10−3 nm2 · mm and γ = 1.2 are model parameters
extracted from measurements. They parametrize the
power spectral density (PSD) of micro-roughness on the
mirror surface, which is assumed to obey PSD(fs) =
A
(
fs
1/mm
)−γ
for spatial frequencies fs greater than some
cutoff. This cutoff frequency is modelled as fmins =
1
αw ,
with α = 2 corresponding to the Gaussian beam diame-
ter. The contribution to scatter from spatial frequencies
smaller than the cutoff are neglected. With λ = 2µm,
w = 5 mm and α = 1 in (17), we estimate ' 3 ppm of
scatter loss per optic. Since understanding of the impact
of scattered light is evolving [26], we choose for our anal-
ysis the round number 5 ppm of scatter loss per optic.
In summary, we assume a total of 30 ppm loss per
round-trip in each ring cavity, accounting for the various
mechanisms described in this section. This loss intro-
duces additional vacuum fluctuations to b1,2 in Eq. (6),
in the same way as Eq. (12).
B. Pump intensity noise
Power fluctuations of the amplifier pump laser produce
radiation pressure fluctuations on the ring cavity mir-
rors, and are thereby amplified by the optomechanical
feedback explained in Section III A. With perfectly sym-
metric ring cavities, the MZ topology has the advantage
of separating the pump noise, which couples only to the
field labelled ni in Figure 1, from the signal, which cou-
ples only to the field labelled bi in Figure 1. In practice,
however, slight differences between the two ring cavities
lead to imperfect common-mode rejection. This noise can
be estimated by first computing the spectrum of mirror
of motion due to radiation-pressure fluctuations, prop-
agating it through Eq. (6) (i.e., add this displacement
noise contribution to the noise spectrum of ξ), and then
suppressing it by a common mode rejection factor.
For our simulations, we crudely model the amplitude
spectral density of the relative intensity noise (RIN) of
the amplifier pump according to
RIN(f) =
∣∣∣∣f + f0f
∣∣∣∣ 1× 10−9√Hz , f0 = 50 Hz. (18)
Meeting this requirement on laser intensity noise is ex-
pected to be challenging. In order for the relative inten-
sity noise due to shot noise on a sensing photodiode at
72µm to be . 1 × 10−9 Hz−1/2, we would need to detect
' 300 mW of power on that photodiode, corresponding
to a dynamic range of & 109. Nevertheless, promising
techniques have been demonstrated [27, 28], and we an-
ticipate that sufficient progress will be made to achieve
this level of stabilization.
Furthermore, we assume 60 dB common-mode rejec-
tion. In our simulations, the asymmetry is modeled as a
difference in the ring cavity finesse. Realizing this level
of common-mode noise rejection is challenging, but has
been achieved in terrestrial gravitational wave detectors.
Moreover, we expect to be able to tune the finesse of each
cavity by ' 1 %, for instance by changing the spot posi-
tions on the cavity mirrors to sample regions of slightly
different optical loss.
C. Noise from the counter-propagating mode
As discussed in Section IV A, surface roughness and
point defects on the amplifier optics can scatter the high
power circulating pump field out of the resonant cav-
ity mode. Some portion of this scattered light then be-
comes resonant in the counter-propagating mode of the
ring cavities. Subsequently, this field leaves the amplifier
and is injected directly back into the main interferome-
ter via the anti-symmetric port, where it mixes with the
squeezed vacuum quadratures aIFO, i (see Figure 1). This
gives rise to noise in the readout due to two effects: (1)
displacement noise of the amplifier optics, and (2) am-
plifier pump noise. We expect that the amplifier optics
are sufficiently well isolated from displacement noise, and
focus instead on the latter with emphasis on the relative
intensity noise discussed in Section IV B in the context
of common-mode rejection.
Measurements on the Advanced LIGO output mode
cleaner cavity, which has an angle of incidence of approx-
imately 4 degrees, suggest that less than 1 ppm of the in-
cident field is retro-reflected [29]. Since the ring cavities
in our design have a 30 degree angle of incidence at each
optic, the back-scatter is expected to be smaller. For
our calculations, we assume a fraction Ebs = 10−7 of the
pump power is back-scattered into the anti-symmetric
port. This field then adds noise to the input quadratures
aIFO, i which we can estimate by√
S
(bs)
aIFO,i =
√
1
2
Ebs
(
Psource
2~ω0
)
RIN(f), (19)
where the overall factor 1/
√
2 splits the noise evenly into
the two quadratures. With Psource = 200 W and RIN =
10−9/
√
Hz, we find that (19) evaluates to ' 7 × 10−3
per quadrature, which is negligible even for the case of
20 dB (= 10−1) squeezed vacuum injection. Hence, it is
omitted from our analysis.
There are other possible mechanisms of scattered
light degrading the interferometer sensitivity, particu-
larly given the proximity of the high power amplifier
pump field to the interferometer’s anti-symmetric port.
For instance, some of the scattered light could leave the
ring cavity, scatter off the vacuum chamber walls, and
recombine into the cavity’s signal mode. Acoustic and
seismic vibrations of the walls then lead to phase mod-
ulation of the back-scattered light. Problems of this na-
ture may be addressed by installing baffles on the walls,
as was done for the LIGO beam tubes. Another possible
noise coupling mechanism is due to intensity fluctuations
on the resonant counter-propagating mode displacing the
amplifier mirrors via radiation-pressure. We find that
the phase noise thus induced is below the level of the
seismic noise for the amplifier systems considered in this
paper, but this could become a significant noise source
for amplifiers that use much lighter mirrors. We leave
the detailed analysis of such noise coupling mechanisms
to future work.
D. Coating Brownian noise
Thermal fluctuations of the dielectric coatings [30] on
the amplifier optics produce phase fluctuations on the
reflected beam, which manifests as noise in the amplifier
readout. Mathematically, this contributes through ξ in
Eq. (6).
To mitigate this effect, we propose for the high re-
flectivity mirrors (i.e., M2L, M3L, M2R & M3R in Fig-
ure 1) a coating structure comprising of alternating lay-
ers of silicon nitride (SiN) and amorphous silicon (aSi).
This choice was motivated by the promising mechani-
cal loss of SiN at the proposed operating temperature of
123 K [31, 32]. Nevertheless, more work is needed to de-
termine its feasibility and, in particular, to lower losses
due to absorption in the SiN layers. Rather than us-
ing the canonical quarter wave stack to realize the HR
coating, a numerical optimization algorithm was used to
identify the thickness of each layer in a 12 bi-layer pair
stack in order to optimize the resulting noise [33]. For
the assumed mechanical properties of aSi/SiN (see Ta-
ble I), and meeting the coating power transmissivity re-
quirement of . 5 ppm, we estimate a Brownian noise
contribution per optic that is ' 3.5 dB below that of an
α-Si/SiO2 coating with the same power transmissivity.
Note that we neglect the Brownian noise contribution
from the M1R & M1L optics in Figure 6, since they have
higher transmissivity and therefore require fewer dielec-
tric layers.
While coating Brownian noise in the amplifier ring cav-
ities is not the dominant noise source, we find that in or-
der to take full advantage of the sensitivity improvement
offered by the amplifier, the coating Brownian noise of
the test masses will have to be improved by a factor of
'4 – 5 from the current design. This is further discussed
in Section V B.
8E. Suspension thermal noise
Similar to coating Brownian noise, any fluctuations of
the position of the mirrors in the amplifier, also enter the
output of the amplifier through ξ in Eq. (6).
To isolate the amplifier mirrors from seismic vibra-
tions, we propose a double pendulum suspension for each
optic in the ring cavities. Internal friction in the fibers
couple environmental thermal fluctuations to mirror dis-
placement. For this analysis, we consider only the ther-
mal noise due to the lower (of the double-stage) suspen-
sion fiber. The key parameter characterizing internal
friction in the fibers is the frequency-dependent loss an-
gle φ(ω) which has contributions from (a) the surface,
(b) the bulk and (c) thermoelastic effects [34]. For high-
purity silicon fibers at 123 K, the thermoelastic and bulk
loss contributions are negligible. The loss angle is then
dominated by surface imperfections and defects, which
can be modeled by a characteristic depth h and a sur-
face loss angle φs. We assume h = 1µm and φs = 10
−5,
and follow the formalism described in [34] to evaluate
the loss angle. Finally, the amplitude spectral density of
this displacement noise can be obtained by applying the
fluctuation-dissipation theorem [35], as
x(ω) =
√
4kBT
ωmA
(
ω20φ(ω)
ω40φ
2(ω) + [ω20 − ω2]2
)
, (20)
where T is the equilibrium temperature of the system,
and f0 = ω0/2pi is the resonant frequency of the suspen-
sion. A more thorough analysis requires Finite Element
Analysis (FEA) calculations to validate the analytic ap-
proximations. In our present modeling, we have a large
safety factor for this noise contribution, and so are im-
mune to it being higher by a factor of a few (the analytic
calculation is expected to be accurate to within this fac-
tor).
V. NOISE IN THE MAIN INTERFEROMETER
In order for the amplifier to be effective, the detector
sensitivity must be limited by optical losses in the read-
out chain. In this section, we discuss some noise sources
in the IFO, including a variety of other optical losses
and coating Brownian noise of the test masses, which
in the current Voyager design are at a level comparable
to readout losses. A plot of these noise curves is given
in Figure 5, assuming the parameters in Table I for 15 dB
squeezed injection.
A. Optical losses
In addition to readout loss, we consider a variety of
optical losses within the main interferometer optics, con-
sisting of four independent contributions: (a) ‘injection
losses’ to be explained below, (b) input filter cavity (IFC)
Parameter Value
IF
O
Arm cavity round-trip loss 20 ppm
SRC round-trip loss 300 (100) ppm
Readout chain loss 10 %
Carrier wavelength 2µm
S
Q
Z
Squeeze injection 15 (20) dB
Injection loss 1 (0.3) %
IFC round-trip loss 20 (10, 10) ppm
IFC length 500 (800, 800) m
IFC detuning -33.4 (-34.6, 4.96) Hz
IFC input coupler transmission 0.14 (0.22, 0.22) %
A
M
P
Ring cavity round-trip loss, L 30 (15) ppm
M1L/M1R transmissivity, TA 0.89 (0.90) %
Round-trip cavity length, LA 30 m
Pump source power, Psource 220 (230) W
Mirror mass, mA 30 (10) g
Mirror substrate Si
Common mode rejection 60 dB
OFC round-trip loss 20 (10) ppm
OFC length 40 (25) m
OFC detuning -80.4 (-77.8) Hz
OFC input coupler transmission 43 (22) ppm
C
O
A
T
Refractive index of aSi, nH 3.65 [31]
Reflactive index of SiN, nL 2.17 [31]
Number of layer pairs 12
Mechanical loss of aSi (123 K) 3 × 10−5 [31]
Mechanical loss of SiN (123 K) 2 × 10−5 [31]
Beam radius, wbeam 5 mm
S
U
S
Material Silicon
Width 250 µm
Thickness 50 µm
Number of fibers 2
Length of pendulum 60 cm
Surface loss angle, φs (123 K) 10
−5
Bulk loss angle, φbulk (123 K) 2 × 10−9
Surface depth, h 1 µm
Young’s modulus 155.8 GPa
Coefficient of thermal expansion 10−10K−1
d log Y /dT −2× 10−5K−1
Heat capacity 300 J kg−1 K−1
Thermal conductivity 700 W m−1 K−1
Density 2329 kg m−3
TABLE I: Summary of design parameters used in our
simulations for the main interferometer (IFO), squeezed
vacuum injection path (SQZ), amplifier optomechanics
(AMP), amplifier HR coating (COAT) and amplifier sus-
pension (SUS), assuming 15 dB squeezed injection. De-
sign parameters for 20 dB (see App. Appendix D) are
also included in parentheses wherever they differ from
15 dB. Note that for 20 dB, two IFCs are required and
so the two comma-separated numbers refer to the first
and second (as seen from the squeezed vacuum source)
IFCs respectively. Many of the material properties in the
COAT and SUS subsystems are still under study, and so
may turn out to be significantly different from what we
have assumed.
9losses, (c) signal recycling cavity (SRC) losses, and (d)
arm cavity losses.
The ‘injection loss’ lumps together the insertion loss
of (i) two Faraday isolators (one double-pass and one
single-pass) between the squeezed vacuum source and the
interferometer, and (ii) mismatch between the SRC and
IFC spatial modes. We assume a total injection loss of
1 %, anticipating that the insertion loss of the Faraday
Isolators can be improved to 0.2 % per pass.
The SRC loss can be broken down further into (i) the
spatial mode mismatch between the SRC and the inter-
ferometer’s differential mode, (ii) absorption in the IFO
beamsplitter (BS) and corner mirror (ITM) substrates,
and (iii) reflection from the anti-reflective (AR) coatings
on the BS and ITMs. In particular, we require less than
300 ppm total round-trip loss for the SRC. Assuming that
substrate absorption in, and reflection from the AR coat-
ings for the ITMs and BS add up to a total loss of 50 ppm,
the requirement on the mode mismatch to the interferom-
eter’s differential mode is 250 ppm, which is expected to
be challenging considering that the lowest achieved mode
mismatch in the current generation of interferometers is
' 1%.
Our choices for the losses represent an optimistic es-
timate of the progress in loss reduction over the next
10 years. In particular, we are emphasizing the situa-
tion in which a high level of squeezing is injected, but
the readout losses are high. In the case where injection
losses are high and readout losses are low, the efficacy
of the amplifier is substantially reduced (or even non-
existent). A summary of our design requirements for the
losses is given in Table I, with the corresponding noise
curves given in Figure 5.
B. Coating Brownian noise in Voyager test masses
According to the current Voyager design, which only
assumes 10 dB of squeezed vacuum injection [17], it is an-
ticipated that coating Brownian noise of the interferom-
eter’s arm cavity optics will be the dominant noise con-
tribution from 40 – 100 Hz. This would impose a serious
limit on the performance of all quantum non-demolition
schemes, not just the amplifier proposed in this work.
Furthermore, in our analysis, we have considered even
higher levels of squeezed vacuum injection, and so we ex-
pect an even broader band over which coating Brownian
noise will be dominant. This is especially problematic
since the amplifier is designed to be most effective in
the same frequency band (see Figure 3). To fully take
advantage of the sensitivity improvement offered by the
amplifier, we have assumed that the coating Brownian
noise can be reduced by a further factor of 4 – 5 at all fre-
quencies. This more speculative coating Brownian noise
is plotted in Figure 5 (and Figure 8 for 20 dB, as dis-
cussed in Appendix D). While achieving this reduction is
a challenging prospect, several promising leads are being
explored [36].
VI. CONCLUSIONS AND EXPERIMENTAL
OUTLOOK
In this work, we have presented a novel approach to
amplify the GW signal to protect the signal to noise ra-
tio against quantum decoherence. We emphasize that
this work is only meant to be an exploratory study of
the idea of using an optomechanical device as a phase
sensitive amplifier for terrestrial GW detectors. In order
for this to be incorporated into the design of a detector
such as Voyager, significant work will have to be done,
starting with table-top scale experiments, to get a deeper
understanding of the many technical noise sources we
have not addressed in this paper (e.g. feedback control
of the amplifier, losses due to the mode matching be-
tween the interferometer and the amplifier, fluctuations
of the relative alignment of the cavities, imperfections in
the amplifier optics, etc.).
It has been previously been proposed to use nonlinear
crystals to amplify the interferometer output [37], and to
use atomic systems to generate “negative inertia” that
leads to back-action evasion [38]. These are promising
approaches, but requires mitigating (i) backscatter noise
due to the lower optical quality of crystals relative to
super-mirrors, (ii) high scatter loss induced decoherence
due to the poor optical quality, and (iii) pump noise cou-
pling due to a non-vacuum seed.
Promising future directions to consider include:
1. lighter masses in the amplifier (where the optome-
chanical gain would extend to higher frequencies),
2. interferometers (with higher masses) which are lim-
ited by shot noise rather than radiation pressure at
lower frequencies (where there is already significant
optomechanical gain),
3. a hybrid diplexed crystal-optomechanical approach
where a crystal amplifier is used to extend the op-
tomechanical amplifier gain to higher frequencies.
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Appendix A: Derivation for the input-output
relations of the Mach-Zehnder amplifier
In this section, we provide a detailed derivation of the
input-output relation for the MZ amplifier introduced in
Section III B. While the effect of optical losses, mirror
displacement noise, and other technical noise sources are
neglected in the calculations presented in this section,
they are included in our numerical simulations.
We begin by computing the input-output relation for
one of the two triangular ring cavities whose field am-
plitudes are labeled in Figure 6. We consider the case
where the pump and signal co-propagate counterclock-
wise. We let c1,2 and d1,2 denote the incident and re-
flected signal field amplitudes, respectively, and we as-
sume the incident pump (electric) field has the form
E(t) = E0 cos(ω0t) for some constant amplitude E0. We
let rA =
√
1− TA, tA =
√
TA denote the amplitude re-
flection and transmission coefficients of mirror M1, re-
spectively, as seen from the cavity interior. The am-
plitude reflection coefficient of M2 and M3 is set to +1
(again as seen from the interior of the cavity). We let
l1 denote the distance that the beam travels from M1 to
M2, and l2 the distance that the beam travels from M2 to
M3 and then to M1. Furthermore, we assume no cavity
detuning. Under these conditions, the pump resonates in
the cavity, thus enhancing the radiation pressure effect
we are exploiting.
The beating between the pump and signal as they co-
propagate along the ring produces the optomechanical
amplification discussed in Section III. The total amplifi-
cation is equivalent to that produced by a cavity where
M1 and M3 are fixed and where the boundary condition
at the free mirror M2 is
g1 = f1, g2 = −κAf1 + f2, (A1)
with
κA = −8ω0Pcirc
c2
3∑
i=1
cos2 (θinc,i)χi, (A2)
where Pcirc is the power circulating in the ring, and for
each optic Mi (i = 1, 2, 3) we have θinc,i as the angle of
incidence and χi as the mechanical susceptibility. For a
detailed derivation of (A1) in the limit where the mirrors
are free masses, see Sec. IV. A. of [15]. In our simula-
tions, we assume that all three mirrors have the same me-
chanical susceptibility, χA, and that the ring is arranged
as an equilateral triangle configuration (i.e., θinc,i = pi/6),
in which case κA reduces to (7). Furthermore, the bound-
ary conditions at M1 are given by
d1 = tAh1 − rAc1, d2 = tAh2 − rAc2,
e1 = tAc1 + rAh1, e2 = tAc2 + rAh2, (A3)
and the field amplitudes propagate along the ring as
f1 = e1e
iΩl1/c, f2 = e2e
iΩl1/c,
h1 = g1e
iΩl2/c, h2 = g2e
iΩl2/c. (A4)
Solving this system gives us the input-output relation
for the ring as(
d1
d2
)
= ei2η
(
1 0
−KA 1
)(
c1
c2
)
, (A5)
where
ei2η =
eiΩLA/c − rA
1− eiΩLA/crA ,
KA =
(
t2A
1− 2 cos(ΩLA/c)rA + r2A
)
κA, (A6)
with LA = l1 + l2 as the round-trip length of the ring.
For the full MZ configuration of Figure 1, we need to
analyze the input-output relations for both the ‘forward’
direction (i.e., from bIFO,i to bi) and the ‘backward’ di-
rection (i.e., from ai to aIFO,i). The relations for the
forward direction can be trivially derived from (A5) to
be (
b1
b2
)
= ei2η
(
1 0
−KA 1
)(
bIFO,1
bIFO,2
)
. (A7)
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In the limit ΩLA/c  1 where the cavity is short com-
pared to a signal wavelength, and in the limit t2A  1
where M1 is highly reflecting, the forward relation re-
duces to (6), whereby the results are expressed in terms
of the power reflectivity RA = r
2
A and power transmis-
sivity TA = t
2
A. For the backward direction, the beam
is immune to the optomechanical effect since it counter-
propagates against the pump, and so the relations are
like (A7) but with the pump ‘turned off’, giving(
aIFO,1
aIFO,2
)
= ei2η
(
a1
a2
)
. (A8)
While amplitude fluctuations of the pump induce mir-
ror displacement fluctuations that couple to the phase of
the counter-propagating mode, these fluctuations can be
ignored since the counter-propagating mode is weak to
begin with, and the mirror’s displacement is small com-
pared to a carrier wavelength. Finally, we must also de-
duce the relation between the power Pcirc circulating in
each ring and the source power Psource of the amplifier,
as labeled in Figure 1. A simplified version of the above
calculation gives
Pcirc =
1
2
(
tA
1− rA
)2
Psource, (A9)
where the overall factor 1/2 takes into account the beam-
splitting at BS1. In the limit TA  1 this reduces to (10).
Appendix B: Output filter cavity reflectivity
The reflectivity of a filter cavity has been derived in
Appendix A of [40], while a more general treatment of
its quadrature rotation effects were given in Appendix A
of [41]. We have adopted the equations derived there, but
due to a difference in Fourier transform convention, have
used the complex conjugate of Equation A6 from [40].
Explicitly, in our calculations, the amplitude reflectivity
rfc(Ω) of a two mirror filter cavity, for an audio sideband
frequency Ω is given by
rfc(Ω) = rin − t
2
in
rin
rrte
iφ(Ω)
1− rrteiφ(Ω) , (B1)
where the symbols rrt, rin and φ(Ω) are defined in
Eqs. A7–A8 of [40].
Using the relation between quadrature fields a1,2(Ω)
and sideband fields a(ω0 ±Ω), Eq. (B1) allows us to cal-
culate the phase rotation a quadrature field experiences
upon reflection from the OFC, as
bout(ω0 + Ω) = rfc(Ω)bin(ω0 + Ω). (B2)
Appendix C: Effect of amplifier mirror mass on
sensitivity
An important design consideration is the choice of
mass of the amplifier mirrors. In Figure 7, we show
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FIG. 7: Voyager sensitivity improvement as a function
of the mass of the amplifier mirrors. In all cases, 15 dB
of frequency-dependent squeezed vacuum is assumed to
be injected into the anti-symmetric port of main inter-
ferometer.
the sensitivity for three different mass choices (all for
the case of 15 dB frequency-dependent squeezed vacuum
injection). The amplifier and OFC parameters for the
30 g case are those given in Table I. However, for 3 g and
300 g, the amplifier properties (except for optical loss and
displacement noise) and OFC properties (except for op-
tical loss and cavity length) were re-adjusted to achieve
optimal sensitivity. Lighter mirrors offer more sensitivity
improvement, mainly due to the higher amplifier optome-
chanical gain. We therefore propose to make the mirror
as light as possible.
However, there are several practical difficulties in-
volved in working with very light mirrors. Firstly, with
extremely light mirrors, it is difficult to sustain large cir-
culating power in the amplifier ring cavities. Another
concern is related to suspension thermal noise, which
scales as ∝ m−1/2A . The difficulty in realizing low φ(f)
for suspension fibers with a large surface-area-to-volume
ratio motivates the choice of mA = 30 g. This allows
for a wide margin of safety since the suspension noise is
' 1/10 of the limiting noises in our noise budget.
Appendix D: Prospects for 20 dB squeeze injection
We consider prospects for 20 dB of frequency depen-
dent squeezed vacuum injection, for which the amplifier
makes a much bigger impact on the detector sensitivity.
To achieve the correct rotation of the vacuum noise ellipse
as a function of frequency, we find that two input filter
cavities in series are needed, unlike the 15 dB case, where
only one is needed. Furthermore, all of the noise sources
within the main interferometer must be maintained well
below the squeezed vacuum noise, which would be ex-
tremely challenging at this level. Finally, to fully take ad-
vantage of the sensitivity improvement, we propose using
even lighter mirrors for the amplifier (mA = 10 g), which
results in higher optomechanical gain. The detailed de-
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FIG. 8: Sensitivity of LIGO Voyager for a more
ambitious design that incorporates 20 dB frequency-
dependent squeezed vacuum injection, and an amplifier
with 10 g mirrors. The detailed parameter assumptions
are given in Table I. The interpretation of the top, mid-
dle, and bottom subplots are the same as the 15 dB
plots Figure 3, Figure 4, and Figure 5, respectively. The
coating Brownian noise shown in the lower plot is a factor
of 5 lower than the nominal Voyager design.
sign parameters for all the optics and associated losses
are given in Table I, and the corresponding noise curves
are shown in Figure 8.
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